Objective: Central aortic stiffness and chronic obstructive pulmonary disease (COPD) are associated with increased incidence of devastating aortopathies. However, the exact mechanism leading to elevated aortic stiffness in patients with COPD is unknown. The purpose of this study was to quantify flow and shear hemodynamic indices, known markers of vascular remodeling, in the thoracic aorta of patients with mild to moderate COPD (n ¼ 16) and to compare these results with an age-matched control group (n ¼ 10).
Elevated central aortic stiffness is a well-recognized comorbidity of chronic obstructive pulmonary disease (COPD). Both central aortic stiffness and COPD are associated with increased incidence of devastating aortopathies including aneurysmal degeneration, aortic dissections, development of atherosclerosis, and overall increased cardiovascular morbidity and mortality. 1, 2 The exact mechanism leading to elevated aortic stiffness in patients with COPD is yet to be determined. Previous studies excluded association with systemic inflammation, a cardinal feature of COPD and a known contributor to vascular remodeling. 3 Furthermore, standard demographics and smoking status are not predictive of cardiovascular events in COPD, whereas emphysema scores show conflicting results. 1 Nevertheless, aortic stiffness appears to be improved by pharmacologic therapies, 4, 5 and identification of specific pathophysiologic triggers potentiating vascular stiffening would be beneficial in understanding the role of hemodynamic stressors in aortic degeneration. An increasing body of evidence indicates that hemodynamic forces can actively modulate endothelial cell alignment, extracellular matrix composition, vascular tone, inflammation, and even changes in gene expression among cells present in the wall of the aorta. [6] [7] [8] [9] [10] Hemodynamic wall shear stress (WSS) is a known fluidmechanical contributor to structural aortic wall remodeling. For example, endothelial response to WSS is highly sensitive to the magnitude, directional, and temporal variations of WSS and appears to be location specific. 11, 12 Importantly, low and oscillatory local WSS is associated with atherosclerotic plaque formation, medial proliferation, and inflammation promoting elastin degeneration and overall vessel stiffening. 6, 13 Four-dimensional flow magnetic resonance imaging (4D flow MRI) enables measurement of flow and shear hemodynamic patterns in large vessels throughout the entire cardiac cycle. 14, 15 The 4D flow MRI has been effectively applied to visualize flow patterns in complex aortic diseases, including thoracic aortic aneurysms and thoracic aortic dissections, and in quantitative assessment of aortic WSS in patients with congenital malformations, such as bicuspid aortic valves. [16] [17] [18] [19] [20] Studying in vivo hemodynamic conditions by noninvasive 4D flow MRI in COPD patients may provide new insight into the mechanisms driving increased aortic stiffness in this population. Furthermore, comprehensive mapping of hemodynamic WSS may help identify compromised aortic regions undergoing dilatory and stiffness remodeling and assist with chronologically and anatomically precise surgical intervention. The purpose of this study was to quantify flow and shear hemodynamic indices in the thoracic aorta of patients with mild to moderate COPD and to compare these results with an age-matched control group. We hypothesized that qualitative measures and quantitative flow metrics, including WSS analyzed by 4D flow MRI, would be altered in COPD and that shear measures would correlate with aortic strain, an extrinsic vascular property indicating stiffness.
METHODS
Study population. Patients with diagnosed COPD (n ¼ 16) underwent prospective 4D flow MRI. Control subjects who had undergone the same protocol (n ¼ 10) were retrospectively selected to establish a normal physiologic range of 4D flow MRI-derived shear markers. COPD was defined by means of ratio between forced expiratory volume in 1 second and forced vital capacity <0.70. Severity of COPD was determined using Global Initiative for Chronic Obstructive Lung Disease spirometry criteria. 21 COPD patients included in this study had no prior history of cardiovascular surgery, percutaneous vascular intervention, arrhythmia, or myocardial ischemia. Control subjects included in this study had no prior history of cardiovascular disease, parenchymal lung disease, pulmonary hypertension, or smoking history and were recruited as institutional volunteers who served as control subjects for a prior larger study concerning pulmonary hypertension and were specifically selected to demographically match the COPD group. The study was approved by National Jewish Health Institutional Review Board, and written consent was obtained from all participants.
Cardiac MRI and 4D flow protocol. Cardiac MRI, including 4D flow MRI, was performed using a 1.5T MRI system (MAGNETOM Avanto; Siemens, Erlangen, Germany) with an eight-channel phased array coil. The field of view sufficiently covered the entire thoracic aorta to the thoracoabdominal junction. The 4D flow MRI was performed with an interleaved three-directional velocity encoding using a radiofrequency-spoiled gradient echo pulse sequence, prospective electrocardiography gating, and respiratory navigators using bellows. The pulse sequence parameters applied with gadolinium contrast were as follows: flip angle, 14 to 15 ; time to echo, 2.85 ms; temporal resolution, 42.6 to 48.5 ms; and velocity encoding, 100 to 150 cm/s, resulting in spatial resolution of 2.4-2.6 Â 2.4-2.6 Â 2.4-3.0 mm. All 4D flow MRI data sets were corrected for background and phase-offset errors per previously established consensus recommendation.
14 A cine steady-state free precession technique with retrospective gating was used to image the thoracic aorta in 8-mm increments for assessment of aortic strain. Vessel strain was measured in the midportion of the ascending aorta and in-plane corresponding level of the descending aorta separately by means of relative area change (RAC), defined as the difference between maximum and minimum area divided by maximum area: (A max À A min )/A max *100%.
Quantification of WSS and flow grading. Hemodynamic shear metrics were computed at four specific planes along the ascending aorta, aortic arch, and proximal descending aorta for all subjects. Selected planes corresponded to anatomic zones that standardly describe the landing zone for thoracic aortic endovascular repair (Fig 1) . The aortic contours were created and segmented from respective magnitude and phase 4D flow MRI as described previously. 18 Recommendation: These data suggest that altered stiffness may account for increased aortopathy in chronic obstructive pulmonary disease patients.
peak systolic WSS (WSS sys ) was computed from the shear wave data sets by interpolating the spatial velocity derivative at eight particular wall points, defined by eight standard anatomic directions (anterior, left anterior, left, posterior left, posterior, posterior right, right, anterior right) as previously described in the literature. 19 Furthermore, time-averaged WSS (TAWSS) and oscillatory shear index (OSI), which respectively reflect temporal and directional shear variability, were calculated and averaged at focal standardized planes (labeled Z0, Z1, Z3, and Z4) corresponding to different endovascular landing zones (depicted in Fig 1) from the eight standardized points as previously reported. 23 Qualitative blood flow analysis performed using threedimensional phase contrast cardiovascular magnetic resonance has revealed energetically dissipative and chaotic flow patterns described as large-scale vortical and helical flow patterns within the thoracic aorta of patients with dilated aortas and bicuspid aortic valves as described previously. 23 Statistical analysis. Analyses were performed using JMP 10.0 (SAS Institute, Cary, NC). Variables were checked for the distributional assumption of normality using normal plots in addition to Kolmogorov-Smirnov and Shapiro Wilks tests. Variables that were positively skewed (eg, vorticity and chest computed tomography metrics) were natural log transformed for analysis. All normally distributed group-specific data sets are reported as mean with corresponding standard deviations. Non-normally distributed values are reported as median values with corresponding interquartile ranges. Demographic and clinical characteristics among COPD and control patients were compared using a Student t-test for normally distributed continuous variables, Wilcoxon ranked sum test for non-normally distributed variables, and c 2 test for categorical variables. Generalized linear regression models were employed to evaluate the associations between shear metrics and stiffness assessed by means of RAC. Significance was based on an a level of .05.
RESULTS
Population. All subjects successfully underwent same-day 4D flow MRI of the thoracic aorta. The demographic, standard hemodynamic, and pulmonary function data are summarized in Table I . COPD patients had a significantly elevated heart rate (78 vs 57 beats/min; P < .001) and consequently increased left ventricular cardiac output (4.8 vs 3.7 L/min; P < .001). There was no difference in measured left ventricular stroke volume. Two COPD patients and one control subject had a bovine aortic arch anatomy, and one control subject had a right aberrant subclavian artery. None of the COPD patients were receiving antihypertensive therapy at the time of MRI acquisition. Patients with COPD had significantly reduced mid ascending aorta RAC compared with controls (9% vs 18%; P < .0001), with maximum and minimum aortic areas being similar between COPD and control groups (Fig 2, A) . COPD patients also had decreased RAC in the descending aorta (15% vs 19%; P ¼ .0206). In contrast to the ascending aorta, COPD patients had significantly larger descending aortic dimensions than did control patients, with elevations in both maximum area (0.45 vs 0.38 cm 2 ; P ¼ .0199) and minimum area (0.38 vs 0.3 cm 2 ; P ¼ .0034).
WSS measurements.
Variabilities among all considered plane-averaged hemodynamic shear indices are depicted in Fig 2, B-D. WSS sys in COPD patients was significantly reduced in all considered planes, with the most dramatic difference occurring in plane Z4 of the descending aorta (0.46 vs 0.86 N/m 2 ; P < .0001).
TAWSS was also reduced in COPD patients in all aortic regions, but this difference was significant only in planes Z1 to Z4, with the most significant change again occurring in plane Z4 (0.12 vs 0.23 N/m 2 ; P < .0001). OSI was elevated in COPD patients at all sample locations, with significant differences in the Z0, Z1, and Z4 planes. Location-specific analysis of WSS distribution within each plane is illustrated in Fig 3. In the most proximal plane corresponding to the level of the sinotubular junction (Z0), WSS sys was significantly different only at the anterior right region along the outer aortic curve. Furthermore, plane Z1 revealed that WSS sys was significantly depressed in COPD patients, predominantly at the outer curvature aspect of the lumen (right, anterior right, anterior, and left locations). Beyond the aortic arch at the Z3 plane, we observed significant differences in WSS sys at the inner curvature of the aortic lumen (posterior right, right, and left anterior locations). Finally, the Z4 plane WSS sys differences revealed a significant circumferentially uniform pattern.
Flow visualization and qualitative analysis. Three COPD patients with distinct perturbed flow patterns are shown in Fig 4. In general, COPD patients had a tendency to present with disturbed flow patterns along the entire thoracic aortic tract compared with controls. Within the ascending aorta, COPD patients presented with both moderate (n ¼ 6) and severe (n ¼ 2) helical formations. The remainder of the COPD patients and all control subjects presented with only minimal or small helices. Moderate (n ¼ 5) and severe (n ¼ 2) vortical formations were localized in the proximal portion of the ascending aorta and in the aortic root and were present only in COPD patients. Within the proximal descending aorta, we observed considerably smaller vortex formations that did not circumvent the entire lumen but were instead clustered along the inner curve of the descending aorta. These vortices were observed only in COPD patients (n ¼ 6).
Fig 2.
Comparison of relative area change (RAC) and plane-averaged shear hemodynamics between chronic obstructive pulmonary disease (COPD) and control groups. A, COPD patients presented with significantly reduced RAC in both ascending and descending aorta, reflecting globally increased aortic stiffness. B, Peak systolic wall shear stress (WSS) was significantly depressed in COPD patients in all considered aortic planes. C, Time-averaged WSS was in parallel fashion decreased in COPD patients as well, with significant differences present at Z1 to Z4. D, Oscillatory shear index (OSI) was conversely elevated in the COPD group in all zones and significant in Z0, Z1, and Z4. *P < .05. **P < .01. ***P < .001.
Association between stiffness and shear. All correlations between the plane-specific shear metrics and RAC measured in respective aortic regions are summarized in Table II 
DISCUSSION
Central aortic stiffness is a common comorbidity among patients with COPD. Identification of mechanisms contributing to the stiffening process in this population of patients is of great interest, given that COPD and aortic stiffness are each independently associated with increased risk for development of severe aortopathies. In this study, we found that reduced aortic deformation as measured by RAC is correlated with decreased shear hemodynamic indices. To our knowledge, this is the first report of 4D flow MRI evaluation of aortic flow in COPD patients. A previous large prospective COPD investigation found that significantly elevated pulse wave velocity, a widely accepted marker of global aortic stiffness, does not correlate with standard systemic inflammatory markers and does not respond to pulmonary rehabilitation. 3 Later investigations demonstrated that systolic pressure, thoracic aortic calcification, and age are significant predictors of aortic stiffness and aortic pulse wave velocity. 1 Recently, plasma desmosine levels (reflecting elastin degradation) have been related to atherosclerosis, pulse wave velocity, inflammation, and cardiovascular risk and mortality in COPD patients. 24 All mentioned studies have measured pulse wave velocity by means of tonometry, which provides global assessment of arterial stiffness but lacks regional specificity and depends on relativistic anatomic assumptions. 25 The 4D flow MRI hemodynamic data combined with coregistered cine MRI data enable synchronized location-specific evaluation of the flow hemodynamics and aortic strain (RAC), respectively. Local hemodynamics are of great importance, given the characteristic sites of aneurysmal development and intimal tears in aortic dissections. In this study, we observed the greatest hemodynamic differences between COPD and control groups along the outer curve of the ascending aorta, where the majority of type A dissections originate. [26] [27] [28] Furthermore, in COPD patients, RAC was reduced more in the ascending aorta than in the descending aorta. The region of aortic isthmus located below the origin of the left subclavian artery is the predominant site of intimal tear in type B dissections. 28 In our report, plane Z3 closely corresponded to this specific region, and we observed significantly decreased WSS sys along the inner curvature close to the insertion of the subclavian ligament. Interestingly, we found that evaluated hemodynamic shear metrics were altered to greatest extent in the plane Z4 in the descending aorta. This finding is in parallel with previous studies that applied computational fluid dynamics to model flow in COPD patients, in which regions of low WSS were shown to be associated with increased aneurysmal severity and rupture, contrary to locations with high pressure and WSS. 29 Therefore, it is thought that low WSS in association with recirculative flow may have an aggressive degeneration effect on aortic wall compared with high WSS. 13, 29 The mechanism behind reduced WSS can be partially explained by larger aortic size in COPD patients dictating decrease in flow shear as described by the Hagen-Poiseuille law, whereby WSS is inversely proportional to the third power of vascular diameter. However, this condition applies only to fully developed steady-state flow and does not consider vascular compliance, development of secondary regurgitative flow structures, and pulse wave reflections. Indeed, in our study, flow in the COPD population was associated with formation of large-scale helices and vortices known to decrease WSS. 19 Disturbed WSS is known to induce endothelial stress response and to promote vascular remodeling and increased stiffness in both the systemic and pulmonary circulations. 7, 23, 30 Several studies have found associations between locations with low systolic WSS, TAWSS, and high OSI with site and severity of atherosclerotic lesions, reduced pulsatility, and overall vascular stiffness. 13 Therefore, endothelial mechanotransduction appears to be sensitive to magnitude, directional, and temporal deviations. 31 Hemodynamic WSS has also been shown to correlate with specific extracellular matrix components from surgically resected aortas. 32 In this study, significantly decreased WSS sys , TAWSS, and elevated OSI were associated with local aortic RAC measurements. Furthermore, helical and vortical flow formations previously described in patients with bicuspid aortic valve and aortic valve stenosis were present in this study in COPD patients. We acknowledge several limitations in this study. First, spatiotemporal resolution of our 4D flow MRI acquisition did not allow us to perform accurate pulse wave analysis. However, aortic deformation measured by means of RAC is a critical component of the pulse wave analysis and enables focal measurement of aortic properties rather than averaged global analysis of vascular stiffness. Second, our measured RAC planes determined by MRI scout images did not directly correspond to selected focal planes but were approximately 1 to 2 cm distant form the scout images. A larger sample size will be required to precisely assess the regional WSS differences and to stratify patients on the basis of their stiffness level and local shear conditions. Furthermore, additional confounding hemodynamic indices arising from different aortic arch morphologic features may play a role in altering flow and local hemodynamics. Our future investigations will focus on larger populations of patients, including the severe COPD cases, with comprehensive pulmonary functional cardiopulmonary exercise testing to thoroughly investigate the relationship between vascular remodeling, flow hemodynamics, and severity of COPD.
CONCLUSIONS
The 4D flow MRI evaluation of thoracic aorta in patients with COPD revealed significantly reduced WSS and elevated OSI. Both features are known to be associated with degenerative aortopathies and vascular stiffness. In addition, we found that flow hemodynamic metrics assessed at specific aortic regions correlated with RAC, a marker of aortic stiffness. Given that the exact pathophysiologic mechanism behind the elevated central aortic stiffness in COPD patients remains unknown, investigations by means of 4D flow MRI noninvasive imaging represent an elegant method for investigating novel potential pathophysiologic processes in this and other groups of patients affected by aortopathies. 
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